The current study assesses the drying shrinkage behaviour of polyvinyl alcohol fibre reinforced concrete (PVA-FRC) containing short-length (6 mm) and long-length (12 mm) uncoated monofilament PVA fibres at 0.125%, 0.25%, 0.375%, and 0.5% volumetric fractions. Fly ash is also used as a partial replacement of Portland cement in all mixes. PVA-FRC mixes have been compared to length change of control concrete (devoid of fibres) at 3 storage intervals: early-age (0-7 days), short-term (0-28 days), and longterm (28-112 days) intervals. The shrinkage results of FRC and control concrete up to 112 days indicated that all PVA-FRC mixes exhibited higher drying shrinkage than control. The shrinkage exhibited by PVA-FRC mixes ranged from 449 to 480 microstrain, where this value was only 427 microstrain in the case of control. In addition, the longer fibres exhibited higher mass loss, thus potentially contributing to higher shrinkage.
Introduction
Concrete is recognised as the most prevalent used construction material in the world [1] . It is reputable that concrete provides notable mechanical performance, great versatility, and economic efficiency in comparison to other construction materials [2] . However, it must be noted that concrete is discredited for its brittleness and strength-to-weight ratio. Moreover, in service, structural concrete undergoes volume change due to moisture loss by hydration and evaporation. This volume change and movement experienced in this manner is termed shrinkage [2] .
Shrinkage of concrete commonly occurs as a decrease in volume via four primary mechanisms: capillary tension, surface tension, disjoining pressure, and change in water within the matrix of cement [3] . Concrete tends to reach equilibrium with its service environment. If the environment is a dry atmosphere the exposed surface of the concrete loses water by evaporation. The rate of evaporation will depend on the relative humidity, temperature, water-cement ratio, and the area of the exposed surface of the concrete [4, 5] . The first water to be lost from concrete is that held in the large capillary pores of the hardened concrete. The loss of this water does not cause significant volume change [6] .
However, as explained by Tam et al. [7] , as water continues to evaporate from the capillary and gel pores, a meniscus is formed along the network of capillary pores and surface tension is created. With the reduction in the vapour pressure in the capillary pores, tensile stress in the residual water increases. These tensile stresses are in equilibrium with compressive stresses acting in the surface layers of the concrete, and hence shrinkage of the concrete occurs (i.e., deformation). Evaporation of water from the gel pores of the surface of concrete causes additional shrinkage on the surface. Drying shrinkage is a part of this deformation.
The hardened cement paste contains a gel known as calcium silicate hydrate (C-S-H) gel. When this gel contracts the moisture content decreases, which in turn causes a drying shrinkage effect within the concrete [8] . The concrete will try to reach equilibrium with its environment after the cement has hydrated. There exist a number of dependent factors influencing the degree of shrinkage such as raw material properties (e.g., cement, aggregate, and admixtures), temperature, relative humidity (RH), age, and volumetric size of the concrete member [9] .
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It has been of particular focus by researchers [2, [10] [11] [12] [13] in recent times to minimise the aforementioned problems of shrinkage by utilising intrinsic fibres as a form of reinforcement in the concrete matrix. The use of novel synthetic fibres such as monofilament polyvinyl alcohol (PVA) fibres in fibre reinforced concrete (FRC) can affect the overall properties of hardened concrete [14] [15] [16] , with drying shrinkage being of particular interest. However, the exact influence of fibre length and volumetric content remains unknown.
Polyvinyl alcohol (PVA) is adopted from polyvinyl acetate, which is readily hydrolysed by treating an alcoholic solution with aqueous acid or alkali [17] . PVA contains hydroxyl groups (OH) which have the potential to form hydrogen bonds between molecules resulting in a significant change in surface bond strength between PVA fibres and the cement matrix [18] .
The use of fibres in concrete mixes (FRC) is generally seen as a prevention method for cracks formed in the surface layers of the hardened concrete [19, 20] . Fibres allow the bridging of cracks, which aids in increasing the ductility of the concrete composite after the postcracking stage [21, 22] . The fibre in concrete aims to produce stronger and tougher concrete, particularly improving the ductility and durability and mitigating cracking due to shrinkage [23] . Fibres have also been reported [24] to increase the fatigue life cycle of cementitious composite structures. Fibres incorporated in concrete are known to control cracking arising from drying and/or plastic shrinkage behaviour occurring in the cementitious matrix [25, 26] .
The mitigation of drying shrinkage aids the concrete aesthetically and also by controlling and preventing shrinkage cracks the durability of concrete can be enhanced [2] . The spalling of concrete caused by cracking from shrinkage will expose the steel reinforcement to aggressive chemicals such as chloride ions dissociated in water to penetrate the surface of the concrete, reach the steel, and cause corrosion [27] . Cracking from shrinkage is a rather complex mechanism of deformation that is influenced by factors such as size of the crack, level of restraint, rate of shrinkage, development of strength, and softening of the stress [2] .
Although the shrinkage characteristics of conventional concrete have been widely studied [4, 28] and the relationship between shrinkage and mass loss due to drying is well established for conventional concrete, limited research has been conducted on the drying shrinkage behaviour of PVA fibre reinforced concrete.
Accordingly, the objective of this study is to quantify the amount of shrinkage experienced and impart the variations of fibre length, aspect ratio, and content to drying shrinkage of PVA-FRC.
Experimental Details

Materials.
Seven sets of concrete mixes were prepared using the raw materials shown in Table 4 . Shrinkage limited (SL) Portland cement (PC) and fly ash (FA) were used as the binder for the fibre reinforced concrete mixes. The fineness of FA by 45 m sieve was determined to be 94% passing (tested in accordance with AS 3581.1-1998). The oxide compositions of the binders are listed in Table 1 .
A maximum nominal size of 20 mm aggregate was used in all mixes. All aggregates used in mix design were sourced from Dunmore, Australia, which include 50/50 blended fine/coarse manufactured sand and 10 mm and 20 mm crushed latite gravel. The grading of all aggregates used in this study complied with the Australian Standard AS 2758.1 specifications and limits (Figures 1 and 2) .
The aggregate was prepared to saturated surface dry condition prior to mixing. Drinkable grade tap water was used for the mixes after conditioning the water to room temperature (23 ± 2 ∘ C). Furthermore, in order to improve the workability, a polycarboxylic ether based high range water reducing admixture (HWR) was used. Monofilament uncoated polyvinyl alcohol fibre of 2 different geometries, 6 and 12 mm, with properties mentioned in Table 2 and the graphical illustration shown in Figure 3 , was used in all FRC mixes.
Mixing.
Mix designs were adopted to obtain a characteristic compressive strength ( ) of 55 MPa to conform to AS 3600 requirements as structural concrete (ranging from 20 MPa to 100 MPa) with a water to cementitious material ratio (w/c) of 0.35. In order to obtain a desired slump of 80 ± 20 mm, HWR dosage was varied. Mix designations are shown in Table 3 and details of the mix proportions for all mixes are listed in Table 4 .
Mix proportioning of the raw material ingredients was carried out by mass. The fibre volume fractions employed in this study were up to a threshold limit of 0.5%; this limit was derived from the results of several preliminary trial mixes indicating that the incorporation of higher volume fraction of fibres results in loss of cohesiveness of the concrete.
For control concrete (nonfibre reinforced concrete), mixing was performed in accordance with Australian Standard AS 1012.2; however, for FRC mixes, due to the presence of the hydrophilic fibres, the standard mixing regime suggested in AS 1012.2 for conventional concrete was modified. Fine aggregates were firstly mixed with PVA fibres in a vertical pan mixer until the fibres were observed to be dispersed uniformly. Coarse aggregates were then added and further mixed for 3 minutes. Thereafter, SL PC, FA, and water were introduced and mixed for a further 3 minutes. In order to adjust the slump, HWR was added within the first minute of adding cementitious material. Following 3 minutes of mixing, a rest period of 2 minutes was applied followed by a further 3 minutes of mixing to achieve a uniform mix. The slump and compacting factor were measured to deduce separate measures of workability. After carrying out all fresh property tests, the mix was placed into moulds. In addition, an external vibrator was used to achieve proper consolidation and also to minimise the amount of the entrapped air arising within the mix. Moulds were covered with plastic sheets and wet towels to retain moisture, after finishing the surface of all specimens with a trowel. At 24 h, specimens were demoulded and then placed in lime saturated water to cure at a temperature of 20 ± 2 ∘ C until the date of testing.
Testing.
Slump and compacting factor were carried out to determine the consistency following Australian Standard AS 1012.3.1 and AS 1012.3.2 test methods, respectively. In addition, air content and mass per unit volume were measured to study the effect of PVA fibres on the properties of concrete in its plastic state (AS 1012.4.2 and AS 1012.5).
The behaviour of the concrete under compressive load has also been assessed by conducting uniaxial compressive strength testing. Cylindrical specimens of 100 diameter × 200 mm height were tested under a load rate control condition in a 1800 kN universal testing machine following AS 1012.9 (load rate equivalent to 20 ± 2 MPa compressive stress per minute). Compressive strength was determined at ages of 7, 28, and 56 days. The static chord modulus of elasticity (MOE) test was also carried out on 150 diameter × 300 mm height cylinders following Australian Standard AS 1012.17 test method.
The measuring of drying shrinkage was undertaken in accordance with Australian Standard AS 1012.13 test method criteria. The standard sized mould which was used in this study is shown in Figure 4 . The gauge stud retaining screws (also known as shrinkage pins) were placed prior to moulding the concrete in shrinkage moulds.
For the initial reading of mass and gauge length, the sample was removed from the lime saturated water on the 7th day from moulding and excess water was wiped with a damp cloth. A horizontal comparator was used to determine the horizontal length (gauge length). Five readings were taken for each specimen to minimise errors, following the procedure mentioned in Australian Standard AS 1012.13. The mass of each sample was also recorded in order to calculate the mass loss as a function of time. Equation (1) was used to determine the drying shrinkage strain at a particular time. Consider
where , is the drying shrinkage strain at time , is the specimen length measured at time in mm, 0 is the specimen initial length in mm, and is the original gauge length (see Figure 4 ) in mm.
Specimens were stored on racks in a drying room with a controlled temperature of 23 ± 1 ∘ C and a relative humidity of 50 ± 5% for a period of 112 days. The shrinkage and mass loss readings were taken after 3 days and thereafter every 7 days until 112 days by which time most of the drying shrinkage had taken place.
Results and Discussion
Fresh Properties.
Slump, compacting factor, air content, and mass per unit volume of different mixes were measured and results are summarised in Table 5 . It can be seen that as the volume of fibre increases, more HWR is required to achieve an acceptable slump. This observation has also been previously found by Zollo in that with a volumetric content of plastic fibres above or close to 0.5%; the workability is known to significantly decrease due to greater interfacial actions during mixing between the fibres and cementitious materials in concrete [19] .
By examining the recorded results displayed in Table 5 , it can be deduced that the PVA-FRC mixes tend to introduce air when compared to the control concrete. The introduction of plastic fibres is known to create larger interstitial voids between the fibres, cement paste, and aggregates [29, 30] .
Results from Table 5 also show that as the volume of fibre increases in the mix, the mass per unit volume of the concrete decreases. This is possibly due to the lower mass per unit volume of the fibres and higher entrapped air contents when the fibre volume increases. Results presented in Table 5 display that, by increasing the amount of fibre in the mix, the density decreases from 2450 kg/m 3 for control to 2300 kg/m 3 for 12-PVA-0.500. The decrease noted in the mass per unit volume is highly dependent on the volume and amount of fibres in the matrix as well as the length and number of fibres. It is also understandable that in the same fibre volume fraction, 12 mm fibres affect the MPV more than 6 mm fibres, which may be attributed to the higher aspect ratio of longer fibres.
Hardened Properties.
The compressive strength of control and FRC with different fibre volume fractions ranging from 0.0% to 0.5% at 7, 28 and 56 days of age are presented in Table 6 and Figure 5 . Standard deviation calculated for compressive strengths of each concrete set show the level of variation from average strength reported out of 3 specimens tested for each age. A low standard deviation indicates that the individual compressive strength of test specimens tends to be very close to the average strength of that set which makes a higher level of confidence in statistical average strength reported. Strength effectiveness which is defined as the percent increase or decrease in the strength of FRC compared to the control at the same age has also been calculated. By viewing the results in Table 6 and Figure 5 , it can be noted that with the same fibre volume fraction, shorter fibres evidently have improved the compressive strength more than longer fibres (e.g., 2.5% to 11.7% at 28 days). Similar observations for other types of synthetic fibres (i.e., polypropylene fibres) have previously been reported by other researchers [31, 32] that increasing the length of plastic fibres leads to a lower compressive strength. Furthermore, the optimum fibre volume fraction was found to be 0.25% across all ages with a 13.8% increase in 56-day compressive strength noted compared to the control.
Static chord modulus of elasticity of FRC and control after 7, 28, and 56 days of curing is compared in Table 7 . From the results, it can be noted that modulus of elasticity of concrete PVA-FRC mixes increases with age of curing. It was also found that PVA fibres in low volume fractions used in this study (<0.50%) do not significantly affect the modulus of elasticity although some fluctuations in the results have been observed. These variations are more noticeable after early ages (7 and 28 days), while after 56 days most FRC mixes have very close values to that of control. These observations were also previously reported by other researchers [33, 34] that fibres of different types with various modulus of elasticity do not significantly affect the static elastic moduli of concrete, due to the low fibre content. However, it is anticipated that, within the FRC, adding more fibres leads to a decrease in concrete modulus of elasticity and for the same fibre content longer fibres lead to lower MOE of the concrete.
Shrinkage and Mass Loss.
The loss of water with respect to time for the FRC versus control concrete is shown in Figure 6 . Large increases in mass loss were noted in all the 12 mm PVA-FRC. The 12-PVA-0.125 exhibited a mass loss of 1.6% after 7 days of air storage compared to the control mix's mass loss value of 0.95%. This observation suggests that the mass loss in 12-PVA-0.125 is 70% more than the mass loss of the control at 7 days. From Figure 6 , it is evident that all PVA-FRC mixes exhibited higher mass loss at 7 days. This may be possibly due to the presence of more voids as a consequence of adding fibres which increases the amounts of entrapped air.
From the plotted data in Figure 6 , the 12-PVA-0.125 shows the highest mass loss with a maximum value attained after 112 days. It can be concluded that the shorter fibres generally performed better than the longer fibres. It can be seen in Figure 6 that the most desirable mix in terms of mass loss was calculated to be 6-PVA-0.250 with the least amount of mass loss in comparison to all other mixes. The shrinkage-time relationship, developed over a period of 112 days of air storage, is shown in Figures 7 and 8 . All PVA-FRC mixes were found to exhibit a higher total drying shrinkage than the control between 0 to 112 days. In addition, the longer fibres exhibited higher shrinkage than the shorter fibres. The highest shrinkage of 390 -strain was exhibited by the 6 mm fibres up to 28, while this value was 420 -strain for the 12 mm fibre mixes. Nonetheless, the control only exhibited shrinkage of 320 -strain which was significantly lower than the PVA-FRC mixes.
The normalized early age (up to 7 days) shrinkage results of FRC with respect to the control concrete are presented in Figure 9 . The control exhibited less shrinkage (i.e., 4.6% lower shrinkage) than all PVA-FRC mixes except for 6-PVA-0.500 incorporating 0.5% of 6 mm fibres. The 6-PVA-0.250 displayed 110% more shrinkage than the control after 7 days. Furthermore, the 12-PVA-0.250 mix also exhibited the highest amount of shrinkage than the other 12 mm FRC with 75% more shrinkage than the control.
The 6 mm PVA-FRC exhibited less shrinkage than all 12 mm PVA-FRC except for the 6-PVA-0.250 mix. The 6-PVA-0.500 mix also displayed the most desirable results for early age shrinkage.
Advances in Civil Engineering 7 Short-term (up to 28 days) shrinkage results of FRC normalized to the control concrete are shown in Figure 10 . From the plotted shrinkage data, the control shows the lowest shrinkage at 28 days than all PVA-FRC mixes. At early age (7 days), the 6-PVA-0.500 displayed the most desirable result. This mix continued to show signs of less shrinkage when compared to all other mixes apart from the control, which exhibited only 9.5% higher shrinkage after 28 days than the control. The most undesirable result was found to be the 12-PVA-0.125 mix, which exhibited 30% higher shrinkage than the control. Figure 11 shows the normalized long-term (up to 112 days) shrinkage of FRC with respect to the control concrete. All FRC mixes show very similar values for drying shrinkage compared to the control.
A conclusion which could be drawn from the results presented in Figures 7 and 8 is that the effect of shrinkage is more significant during the early stages of drying.
The relation between the mass of water lost and shrinkage is shown in Figure 12 . It should be noted that the mass of water lost is not correlated with the change in the total volume of the hardened concrete sample. Initial water loss may cause little or no shrinkage [6] . However, the evaporation of adsorbed water along the surface layers of the concrete will cause a change in volume. This change in volume is more or less equal to the loss of a water layer one molecule thick from the surface of all gel particles [6] . Emptying of the capillary pores causes a loss of water without a significant amount of shrinkage. This can be seen from the first segment of the graph in Figure 12 (up to mass loss equal to 30 grams). The results show that mixes incorporating PVA fibres should have lower amounts of capillary pores and free water compared to the control concrete since lower mass loss is recorded for FRC. However, once the water from the capillary pores has been lost, the removal of absorbed water causes shrinkage in almost the same manner as the control concrete for most PVA-FRC mixes. This interaction justifies similar behaviour towards the last segment of the graph.
From the shrinkage results plotted against the corresponding mass loss for different mixes in Figure 12 , it is observed that an almost linear relationship is displayed between shrinkage and mass loss, which complies with previous investigations [35] [36] [37] .
Summary and Conclusions
The following conclusions can be drawn based on the results obtained in this study.
(a) The introduction of PVA fibres decreased the workability of the mix. More HWR was required to achieve a desirable slump. With a fibre volumetric content above or close to 0.5%, the workability is known to decrease due to greater interfacial actions during mixing between the fibres and cementitious materials in concrete [19] . Furthermore, mixes with longer fibre length demonstrate lower slump compared to shorter fibre length for the same fibre volume addition.
(b) The compressive strength results show that almost all PVA incorporated mixes exhibited lower compressive strength than the control after 7 days of curing. On a positive note, this trend was found to reverse after 28 days of curing. Almost all PVA incorporated mixes exhibited higher compressive strength than the control at 28 days. It is worth noting that, with the same fibre volume fraction, shorter fibres enhance compressive strength more than longer fibres. Furthermore, the optimum fibre volume fraction was found to be 0.25% for all curing ages with a 13.8%
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(c) Test results show that PVA fibres in low volume fractions used in this study (<0.50%) do not significantly affect the modulus of elasticity.
(d) The shrinkage results of FRC and control concrete up to 112 days indicated that all PVA-FRC mixes exhibited higher drying shrinkage than the control. In addition, longer fibres exhibited higher mass loss, thus potentially contributing to higher shrinkage. This may be due to the hydrophilic nature of PVA fibres absorbing water during the fresh state of concrete and releasing this absorbed water as concrete was hardened.
As it has been previously reported by many researchers [33, 38, 39] , the incorporation of polymeric fibres in concrete in low volume fraction (<1%) is mostly recognised to be effective in controlling and mitigating the susceptibility to plastic shrinkage cracking. However, the results of this study showed the reverse. Accordingly, it can be stated that in cases where reducing concrete shrinkage is important, the use of virgin (uncoated) PVA fibre should be avoided. In such cases, a surface agent in the form of an oil may be applied to the surface of the PVA fibres to make them more hydrophobic [15] . The introduction of an oil base surface treatment agent would also suggest that the fibre-matrix bond characteristics and PVA fibre performance are improved within the matrix and the composite mechanical properties and toughness are also enhanced [40] [41] [42] [43] .
